Background--Epidemiological studies suggest that road traffic noise increases the risk of stroke. Similar effects may be expected from wind turbine noise (WTN) exposure, but epidemiological evidence is lacking. The present study investigated the association between long-term exposure to WTN and the risk for stroke.
S
troke is a major cause of disability and death in adults, and it is estimated that 5.8 million people die from stroke globally every year. 1 Exposure to persistent environmental noise is thought to increase the risk of cardiovascular disease and several epidemiological studies have implicated traffic noise (road, rail, and air) as a risk factor for increased stroke incidence, particularly in the elderly. 2, 3 The effects of wind turbine noise (WTN) on stroke may be similar, but this has only been investigated once. 4 Although the authors report a protective effect of WTN exposure in that study, they state that this should be interpreted with caution, as results were based on a small number of cases. WTN has consistently been associated with annoyance and reported to affect sleep in some studies. [5] [6] [7] Thus, WTN exposure is believed to act as a stressor with activation of the hypothalamus-pituitary-adrenal axis and stress response cascade, 8 and noise has been shown to induce systemic low-grade inflammation 9 ; finally, the cortisol released in the stress reaction cascade may increase blood glycogen within atrial myocytes, 10, 11 all of which are suggested risk factors for stroke. There is presently a global focus on the development of renewable energy expansions and zero-carbon shares in energy systems, and wind energy is a suitable solution to achieve this. 12 Denmark is one of the world leaders in total wind capacity, and in 2016 wind power represented 37.6% of Denmark's total electricity consumption, 13 and it is estimated that around 800 000 Danish homes (12%) are located within a 6000-meter radius of a wind turbine (WT). The Danish government has set a goal to generate 50% of the country's electricity by wind energy by 2021, implying a continued increase in the numbers and size of WTs, as well as in the proportion of the Danish population who live in close proximity to WTs. 13 In 2016 the use of wind power avoided over 637 million tons of CO 2 emissions globally, 14 which has positive environmental and health implications. But despite this, WTs are also a source of environmental noise and the local-level potential risk to human health remains the subject of debate. Considering this debate and the continued increase in numbers of WTs, we aimed to elucidate the potential association between long-term exposure to WTN and risk of stroke, using a large, nationwide, prospective cohort of Danish nurses with long-term follow-up for stroke hospitalizations in high-quality and complete nationwide registries.
Methods Study Population-The Danish Nurse Cohort
The study was based in the Danish Nurse Cohort, which was inspired by the American Nurses' Health Study to investigate the health effects of hormone replacement therapy (HRT) in a European population. The cohort has been described in detail previously, 15 and a detailed description is also provided in Data S1. In brief, the cohort was initiated in 1993 by sending a questionnaire to 23 170 nurses and reinvestigated in 1999. Information included socioeconomic and working conditions, parents' occupation, weight and height, lifestyle (diet, smoking, alcohol consumption, and leisure time physical activity), self-reported health, family history of cardiovascular disease, and use of oral contraceptives and HRT. In the present study, we used the earliest baseline information from 1993 (19 898 nurses) or 1999 (8833 nurses) for 28 731 nurses included in the cohort.
Since establishment of the Central Population Register in 1968, 16, 17 all citizens of Denmark have been given a unique personal identification number, which allows accurate linkage between registers. The cohort members were linked to the Central Population Register 16, 17 to obtain the nurses' vital status information at December 31, 2013 (active, date of death/emigration). Using the unique personal identification numbers of the cohort members, all residential histories were traced in the Central Population Register between 1982 and 2013. Each residential address contained a unique identification code composed of a municipality, road, and house number code. The dates the persons had moved to and from each address were noted. The addresses were then linked to a database of all official addresses and their geographic coordinates in Denmark.
Identification of Outcome-National Patient Register
The end point was incidence of stroke (International 
Exposure Assessment

Identification of Danish WTs
A total of 8768 onshore WTs in operation at any time in Denmark from 1982 to 2013 (offshore turbines were excluded; n=510) were identified, using the administrative Master Data Register of WTs maintained by the Danish Energy Agency. 20 It is mandatory for all WT owners to report to the register, which contains geographic coordinates, date of grid connection, cancellation date for decommissioned turbines, and output for each Danish power-producing WT. Further details on the identification are provided in Data S1.
WTN exposure data
The noise contribution from WTs at each nurse's home was calculated according to the Nord2000 method. 21 Sound power levels from WTs were calculated for each address for
Clinical Perspective
What Is New?
• This large Danish study, including 24 000 Danish nurses followed for up to 20 years, is the first prospective cohort study examining the impact of long-term exposure to wind turbine noise and the risk of stroke.
• We found no evidence that long-term exposure to wind turbine noise increases the risk of stroke, in agreement with a single earlier study on the topic.
What Are the Clinical Implications?
• While annoyance due to noise from wind turbines should be taken seriously, it is reassuring that this type of noise is unlikely to cause serious cerebrovascular disease such as stroke.
the periods each cohort member had lived at the specific address. The model takes into consideration continuous meteorological data for each WT for the years 1982 through 2013. The applied noise exposure modeling has been described in detail elsewhere. 21 In brief, WTN exposure was estimated for all the different present and historic addresses at which the nurses had lived using the Nord2000 noise propagation model, which has been validated for WT and previously detailed. 22, 23 Outdoor A-weighted sound pressure levels (LA eq )-a metric commonly used in health studies, were calculated at the most exposed fac ßade of all buildings within a 6000-meter radius. Air pollution and noise from road traffic
As previously described in detail, 24, 25 we used the newly updated, high-resolution Danish air pollution dispersion modeling system (AirGIS) to estimate exposure to outdoor air pollution at the residence, 26 as annual mean levels of nitrogen oxide, road traffic-related pollutant, from 1982 to 2013. Road traffic noise at residential addresses of the nurses was estimated using the Nord2000 noise propagation model. The input variables for the traffic noise model include the geocodes of the location, the height of apartments above street level, road lines with information on yearly average daily traffic, traffic composition and speed, road type (motorway, rural highway, road wider than 6 m, and other road), building polygons for all surrounding buildings (height of buildings, etc), and meteorology. Noise from road traffic was calculated at individual residential addresses for the period 1982 through 2013, as the equivalent continuous LA eq at the most exposed fac ßade of the dwelling for the L d , L e , L n , and L den as yearly averages.
Statistical Analysis
We applied the Cox proportional hazards regression model to test the incidence of stroke as a function of WTN exposure with age as the underlying time scale in all models, ensuring comparison of individuals of the same age. Start of follow-up was at the age on the date of recruitment (April 1, 1993, or April 1, 1999), so nurses were considered at risk from recruitment, and end of follow-up was age at the date of first hospitalization discharge diagnosis of stroke, date of death, emigration, or December 31, 2013, whichever came first. Nurses with a stroke before enrollment were excluded from the analyses. The effect of WTN was evaluated in several steps: Model 1-a crude model, adjusted only for calendar year at recruitment into the cohort; Model 2-a main, fully adjusted model, additionally adjusted for a priori selected potential confounding variables and risk factors for stroke: smoking status (never, current, previous), smoking packyears, alcohol consumption (g/week), physical activity (low, medium, high), the consumption of fruit (yes, no), avoidance of fatty meat consumption (yes, no), use of oral contraceptives, use of HRT, employment status (employed, unemployed, retired, other), and marital status (married, separated, divorced, unmarried, widow). The main analysis was performed on the cohort with complete information on all the covariates included in Model 2. The complete case analyses were considered valid, as we believe that the probability of being a complete case was independent of the outcome, given the covariates in Model 2.
We examined the following WTN exposures to assess chronic exposure using the 1-, 5-, and 11-year rolling mean during follow-up before diagnosis/censoring. In each rolling mean window, we considered L d , L e , L n , L den , and L 24 h separately. We used 2 categorical versions of WTN exposure: the first was our main exposure of interest with a cutoff at 20 dB, and the second was based on type-specific baseline quartiles, included for comparison with other studies. The cutoff at 20 dB was based on the rationale that in Denmark that low-frequency sound in the 10-to 160-Hz range is limited to an A-weighted level of 20 dB. 27 Furthermore, we modeled WTN as a continuous nonlinear (with a restricted cubic spline) and linear variable. The continuous variable reflects the relative increase in hazard for a 10-unit increase in exposure (10 dB) within the population of exposed nurses, and a 10-dB increase in noise level is equivalent to a subjective doubling in loudness. 28 WTN exposures were modeled as time-varying variables in all models. Further details of our statistical analysis are provided in Data S1. In brief, we carried out sensitivity analyses in separate models for possible mediators (body mass index, hypertension, diabetes mellitus, and socioeconomic status) and assessed potential effect modification (age, night-shift work, obesity, road traffic noise/ nitrogen oxide traffic-related air pollution, and urbanicity index) and the competing effects of nonstroke death. All effects are reported as cause-specific hazard ratios and 95% CIs. All analysis and graphical presentations were performed using the R statistical software 3.2.0 (with packages: survival, rms, Epi., maptools, OpenStreetMaps, and ggplot2).
Research was conducted in accordance with the principles of the Declaration of Helsinki, and the Danish Nurse Cohort study was approved by the Scientific Ethics Committee for Copenhagen and Frederiksberg; written informed consent was obtained from all participants prior to enrollment. The present register-based study was approved by the Danish Data Protection Agency (J.nr: 2016-41-4792).
Results
Of the total 28 731 recruited nurses in the Danish Nurse Cohort, we excluded 4819 because of death, missing geocodes, stroke prior to inclusion, or missing information on covariates, leaving 23 912 nurses for the final analyses. The mean follow-up was 19.4 years, giving a total of 408 183 person-years of observations, during which 1097 nurses were registered with a hospital discharge for stroke, with an incidence rate of 2.7 new cases per 1000 person-years.
The nurses who were registered with stroke were over 7 years older on average; smoked more; consumed less alcohol; were less physically active; ate slightly more fatty meat; had higher rates of hypertension, diabetes mellitus, and HRT usage but lower rates of ever using oral contraceptives; tended to be retired, lived in areas with slightly lower incomes; were exposed to higher levels of nitrogen oxide traffic-related air pollution but around the same levels of annual weighted road traffic noise; and body mass index and fruit consumption at baseline than nurses who were not Journal of the American Heart Association registered with a hospital discharge diagnosis for stroke within the follow-up period. At baseline, the nurses registered with stroke were exposed to similar levels of WTN as those without stroke (Table 1) . Nurses from the Danish Nurse Cohort resided all around Denmark with wide geographic variation, with 14.8% residing in urban areas (population density ≥5220 people/km 2 ), 42 .4% in provincial towns (180-5220 people/km 2 ), and 40.3% in rural areas (<180 people/km 2 ) at the cohort baseline, which corresponds closely to the distribution of the Danish population. The estimated residential noise levels from WTs at baseline and distance to WT varied greatly, as did the proportion of women exposed throughout follow-up, with around 9% (n=1734) exposed in 1993, almost 15% (n=3943) in 2002, and 13% (n=3009) in 2013 ( Figure) . Mean (standard deviation) WTN levels among exposed nurses were 26.1 (6.4) dB in 1993, 26.3 (7.1) dB in 2002, and 26.4 (6.6) dB in 2013 ( Figure) .
Compared with 21 427 unexposed nurses at the cohort baseline, the 2485 exposed nurses were slightly younger, had higher body mass index, smoked less, were less physically active, had slightly higher rates of oral contraceptive use but lower HRT use, tended to still be working, lived in rural rather than urban areas, had slightly lower incomes, and were exposed to half the levels of nitrogen oxide traffic-related air pollution and lower annual levels of weighted road traffic noise but were similar in regards to hypertension, avoiding consumption of fatty meats, fruit consumption, and diabetes mellitus rates (Table S1) .
We detected no nonlinear relationships between weighted WTN and stroke incidence ( Figure S1 ). Table 2 shows the associations between weighted WTN and stroke (n=1097) (hospitalization) incidence among 23 912 Danish Nurse Cohort participants. We found no association between WTN and stroke incidence: the adjusted hazard ratios and 95% CIs for the 11-, 5-, and 1-year running mean residential L den exposures preceding hospitalization, comparing nurses with ≥20 dB(A) to nurses exposed to levels <20 dB(A) were 1.09 (0.90-1.31), 1.08 (0.89-1.31), and 1.08 (0.89-1.32), respectively. Results with L den were comparable with WTN exposure at L n , L d , L e , and L 24 h (unweighted daily average) ( Table 2) . Likewise, when considering the same association according to exposure quartiles (Table S2) , we found no significant associations.
Identification of Confounders and Effect Modifiers
Only minor attenuation by the included a priori selected confounders in the fully adjusted model was observed (Table 2) .
There was no evidence of effect by any of the assessed variables in the sensitivity analyses, with no marked deviation Figure. Journal of the American Heart Association from the main Model 2 (not shown in tables). We detected significant effect modification of the association between WTN with stroke by urbanicity, showing the strongest positive associations for nurses living in provincial areas, and negative association in rural and urban areas. No effect modification by age, obesity, road traffic noise, or air pollution was observed (Table S3) .
Competing Risk by Nonstroke Death
The number of competing risk events within the cohort during follow-up was high (nonstroke death, n=3568), compared with the outcome of interest (stroke, n=1097); however, there was no indication of competing risk in Model 2 (main model), and nonstroke death did not potentially mask the association of interest in this study.
Discussion
In this nationwide, prospective cohort study of Danish female nurses, we found no evidence to support a causal relationship between long-term exposure to WTN and stroke incidence, within the exposure windows considered (11-, 5-and 1-year).
Our results are in line with another recent Danish nationwide study that explored the relationship between WTN exposure and stroke incidence reporting no consistent associations with outdoor WTN or indoor low-frequency WTN and all incidence rate ratios were null or inverse and nonsignificant. The results of the present comprehensive study along with that recent study with a representative distribution of present and historical addresses around Denmark provide novel insight into this relationship. The present results also support another recently published paper reporting no associations between WTN exposure and incidence of myocardial infarction. 4, 29 In public health perspective this may help reassure concerned citizens and ease the ongoing concern regarding the potential cardiovascular-related health effects of WTN exposure. Long-term exposure to transportation noise has been associated with higher risk for cardiovascular disease including myocardial infarction and stroke. 2, 3, 30, 31 These same associations are not observed with WTN, which can be attributed to many factors: first, WTN is generally much lower than traffic noise, for example, in Denmark there is no legislation limiting noise emitted for road traffic, and it is estimated that almost one third of all domestic dwellings are exposed to levels of road traffic that exceed 58 dB(A), while legislation prohibits WTN at levels exceeding of 44 dB(A) (wind speed of 8 m/s) and 42 dB(A) (wind speed of 6 m/s) for dwellings in open country. 32 Second, WTN is characterized by a more rhythmic modulation of sound than traffic sources, and seems to cause more annoyance and sleep disturbance than road traffic noise (and other environmental noise sources) at similar noise levels. 33, 34 Third, WTs are typically located in rural areas in which background noise levels and sensitivity thresholds to noise may be lower. Finally, road traffic noise is ubiquitous, affecting everyone, and a source of particulate or gaseous oxidative stressors (relevant for cardiovascular end points), while WTN is nonubiquitous, predominantly a rural exposure, with around 800 000 homes (12%) located within a 6000-meter radius of at least 1 wind turbine in Denmark in 2016.
We benefited from objective assessment of stroke incidence based on high-quality Danish registries with near 100% coverage, 18, 35 as well as detailed information on stroke risk factors. This assessment implies minimal possibility of recall and information bias and no selection bias. We furthermore benefited from the state-of-the-art high-resolution validated exposure models for WT and road traffic noise [21] [22] [23] as well as air pollution, 36 which were based on geocodes and also accounted for all address changes and meteorological conditions, as well as the size and the type of WT. Overall associations support no association with most CIs spanning 1, and the few HRs above 1 are thought to be chance findings or attributable to residual confounding and not true effects. This is also supported by the lack of linear dose-response relationships.
In the present study, the WTN levels were relatively low. Only 25% of nurses exposed to WTN, those living within a 6000-meter radius of ≥1 WT, were exposed to levels over 29.9 dB(A) throughout follow-up, which corresponds to around 3% of all included nurses. The majority of the included nurses (>80%) had never lived in proximity to a WT. Thus, only a small fraction of the Danish population is exposed to WTN levels that are considered dangerous for health. According to the World Health Organization, it is not plausible that noise levels ≤30 dB(A) would cause sleep disturbances, and that only modest health effects would be expected ≤40 dB(A). 37 In the most recent environmental guidelines for the European Union, the World Health Organization conditionally recommends that WT L den levels should be reduced to below 45 dB (A), 38 32 This may imply that the noise levels in our study may not have induced intermediates (hypertension, sleep disturbance, etc) previously reported to be on the causal pathway from noise exposure to stroke, [39] [40] [41] [42] and direct auditory effects leading to stroke at these levels are not expected. 41 These levels of WTN are also substantially lower than road traffic noise levels within the same cohort, which were >50 dB (A) on average, noting that a 20-dB(A) difference between these 2 sources of noise levels is perceived as around 4 times the loudness, due to the logarithmic scale of sound. The main limitation in the present study is the exposure misclassification in the modeled WTN concentrations, as these are only proxies of personal exposure and we did not have a measure of indoor levels of WTN. Also, although our estimation of WTN exposure is based on complete residential histories, we cannot account for exposures via temporary migration to other destinations, at work in other regions in Denmark, or while overseas in areas with either higher or lower noise exposures. Finally, the A-weighted nature of our estimates is not informative about any peaking characteristics of the WTN throughout follow-up, and there may have been peaks we did not address.
Another major weakness of our study is the small number of stroke cases exposed to high levels of WTN, limiting the power to detect effects in this range of noise exposure. Furthermore, we had no available information on personal sensitivity to noise, levels of annoyance, or sleep quality, which have all been reported to be on the casual pathway between noise exposure and health effects. 5, 6, [43] [44] [45] However, these self-reports may have introduced bias, as they include highly motivated persons with possible negative attitudes to WTs, which have repeatedly been reported to play an important role as the underlying cause of reported health and sleep problems. 7, 34, 46, 47 In our study, it was not feasible to consider all noise sources including noise from neighbors, bedroom snoring, aircraft, railways, and ventilation. Another weakness is that we lacked data on personal and household income, important determinants of socioeconomic status. Information on confounding and effect-modifying variables were collected at cohort baseline, and we acknowledge that these may have changed throughout the 20-year average follow-up time. Finally, we consider only women and are thus unable to account for effects in men or eventual differences in effect according to sex. The results of this study infer no association between longterm exposure to WTN and stroke in women above age 44.
Supplemental Material
Data S1.
Supplemental Methods
Study population -The Danish Nurse Cohort
The study was based in the Danish Nurse Cohort These noise classes were formed from existing measurements of sound power for Danish WTs 7 . At each WT location, wind speed and direction at hub height was estimated, using mesoscale model simulations 8, 9 . Temperature and relative humidity at 2m height as well as the atmospheric stability were also estimated from these simulations.
WTN exposure data:
Each of the nurses' homes was identified and geocoded. The noise contribution at each nurses' homes from WTs was calculated according Nord2000 method 7 . Sound power levels from WTs were calculated for each address in the periods each cohort member had lived at the specific address. The model takes into consideration, continuous meteorological data for each WT throughout the years 1982-2013. The applied noise exposure modelling has been described in detail elsewhere 7 . In brief, WTN exposure was estimated for the all the different present and historic addresses the nurses had lived in using the Nord2000 noise propagation model which has been validated for WT and previously detailed 10, 11 . Outdoor A-weighted sound pressure level (LAeq) -a metric commonly used in health studies was calculated at the most exposed façade of all buildings within a 6000 m radius. WTN exposure was aggregated as follows: day (Ld; 07:00- We examined the following WTN exposures to assess chronic exposure using the 1-, 5-and 11-year rolling mean during follow-up prior to diagnosis/censoring. In each rolling mean window, we considered Ld, Le, Ln, Lden and L24h separately. We used two categorical versions of WTN exposure:
the first with a cut off at 20dB and the second was based on type-specific baseline quartiles.
Furthermore, we modelled WTN as a continuous nonlinear (with a restricted cubic spline) and linear variable.
To avoid enforcement of linearity between being exposed to WTN and not being exposed, two variables were used in these models; a binary variable distinguishing unexposed from exposed (0/1) and a continuous variable with the actual exposure for those exposed and the median exposure level for unexposed subjects. The continuous variable reflects the relative increase in hazard for ten units increase in exposure (10 dB) within the population of exposed nurses, and a 10 dB increase in noise level is equivalent to a subjective doubling in loudness 15 . Furthermore, we estimated HRs for the categorical versions of WTN exposures with a cut-off at 20 dB, based on the rationale that in Denmark, low-frequency sound in the 10-160 Hz range is limited to an A-weighted level of 20 dB 16 . WTN exposures were modelled as time-varying variables in all models.
We carried out sensitivity models to assess possible mediators of an association between WTN and stroke in four additional separate models. Model 3) as for model 2, further adjusted for Body Mass Index (BMI); Model 4) as for model 2, further adjusted for self-reported hypertension at baseline;
Model 5) as for model 2, further adjusted for self-reported diabetes at baseline and Model 6) as for model 2, further adjusted for average gross income at the municipality at baseline, which we used as a proxy for socio-economic status. Continuous variables, year, smoking pack-years, alcohol consumption, BMI, and average gross income at the municipality were modelled with restricted cubic splines. Noise estimates and traffic air NOx pollution were available for every year of followup and all potential confounding and effect mediating variables were available at baseline.
The potential effect modification of the association between WTN amongst exposed nurses and stroke incidence by age, night shift work, obesity, road traffic noise/NOx traffic related air pollution and urbanicity index were examined by introducing interaction terms to the main model (model 2)
with WTN as a linear variable and tested by the likelihood ratio test.
The cohort consists of elderly nurses (> 44 at the recruitment, and > 58 years old at the end of follow-up in 2013), thus the effect of non-stroke death as a competing risk was also investigated as a function of WTN to assess whether time to stroke in our main models was precluded by death.
All effects are reported as cause-specific hazard ratios (HRs) and 95% confidence intervals (CIs).
All analysis and graphical presentations were performed using the R statistical software 3.2.0 (with packages: survival, rms, Epi., maptools, OpenStreetMaps, ggplot2).
Spearman correlation between metrics of WTN and traffic noise and air pollution were estimated and these were not correlated (r=0.14). 
